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The effect of alloy disorder on the optical density of states and the average room temperature 
carrier statistics in Gai_i:Ina;NyAsi_y quantum wells is discussed. A red shift between the peak 
of the room temperature photoluminescence and the surface photovoltage spectra, that systemat- 
ically increases with the nitrogen content within the quantum wells is observed. The relationship 
between this Stokes' shift and the absorption linewidth in different samples suggests that the pho- 
toexcited carriers undergo a continuous transition — from being in quasi-thermal equilibrium with 
the lattice, to being completely trapped by the quantum dot-like potential fluctuations — as the 
nitrogen fraction in the alloy is increased. The values of the 'electron temperature' inferred from 
the photoluminescence spectra are found to be consistent with this interpretation. 



Gai-j^IiixNyAsi-j^ dilute nitride alloys|Q0] provide an 
attractive possibility of designing quantum wells (QWs) 
which are optically active in the 1.3 fim range, pro- 
vide strong carrier confinement and control of strain 
and band alignments, and can be grown on GaAs sub- 
strates. A number of experiments on this system indi- 
cate that the very reasons for the large downward bow- 
ing of the optical energy gap, namely the small size 
and the much larger electronegativity of the nitrogen 
atoms in comparison with the group- V host, are also 
the ones responsible for creating a distribution of local- 
ized states and compositional fluctuations in a diluted 
nitride sample. Such disordered QWs may behave like 
ensembles of quantum dots, capable of localizing charge 
carriers in the low energy tail arising out of spatially 
varying disorder strength. Signatures of this carrier lo- 
calization appear, for example, in the anomalies in the 
temperature dependence of the photoluminescencefPL) 
peaks and linewidths. Many previous Pljl, Q IE l^i 
PL excitation 6] , photoreflectance0, 0, Q and surface 
photovoltage(SPV) 8] studies have reported such anoma- 
lous behavior, along with a systematic and significant 
degradation of the transition linewidths and lumines- 
cence efficiency with increasing nitrogen content in the 
samples and a Stokes- like shift 0,0,0] between the max- 
ima of the optical density of states (inferred from PL ex- 
citation or photoreflectance) and the (typically low tem- 
perature) emission spectra. 

In this letter, we have attempted to add to the earlier 
qualitative studies on electron localization with a more 
quantitative analysis within the framework of different 
theories of Stokes' shift in disordered QWs[i[ll[ll[ll 

Ellllii. 

Experimental. All the samples were grown by low pres- 
sure metal-organic vapor phase epitaxy^ on GaAs sub- 
strates. The structure consisted of a GaAs buffer layer 



on which a single 6 — 7nm thick Gai-jjIn^NyAsi-j, QW 
sandwiched within ^ 8nm GaAsN barrier layers was 
grown. This was capped by a lOOnm thick GaAs layer. 
The nitrogen content in the QW was varied from ^ 0.9% 
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FIG. 1: SPV and PL spectra measured at room temperature 
in Gai-xInxNyAsi-y QWs. See text for samples' details. 
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to 1.7% across the samples. The thickness and compo- 
sition of the QW and barrier for each of the samples 
was determined by matching the high resolution X-ray 
diffraction profile with that simulated using dynamical 
diffraction theory {Philips X'Pert Epitaxy 3.0). The val- 
ues determined from the simulation were consistent with 
the estimates made from the growth parameters, as well 
as with calculated PL transition energies using the phe- 
nomenological model of Chow et al. |l7l |. 

The disorder effects on optical properties we have stud- 
ied here are primarily determined by the changes in 
the nitrogen content of the quaternary QW[li. The 
small variations in nitrogen content (1.3 — 1.5%) and 
thickness(8 — 9nm) in the GaAsN barrier, as well as the 
variation in the QWs' indium content (40-44 %, as in- 
ferred from the X-ray simulations) have little effect on 
the confinement energies and practically no effect on the 
linewidths of interband transitions^j. The samples in 
FigH] (a)-(e) have y = 0.009, 0.011, 0.013, 0.014 and 
0.017 respectively with an approximate uncertainty of 
around ±0.001 and x = 0.42 ± 0.02. SPV measurements 
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FIG. 2: (star) Approximate Stokes' sfiift(SS) as a func- 
tion of ttie SPV FWHM(A), inferred from the data in 
Pig^ (solid line) Prediction of ttie exciton trapping (SJ 
model, SS/A=0.553. (dotted line) Prediction of the 
thermalizationjl^ 03/ model, SS=0.18A.'^ /ksTe with Te = 
295K. 



were performed in 'soft contact' mode. A detailed dis- 
cussion of the apparatus and the measurement technique 
has already appeared in reference . PL measurements 
were made by non-resonant excitation of the samples at 
488 — 514nm (Ar+ laser) at a laser power density of ap- 
proximately 5 watts per cm^^. The collected signal was 
spectrally dispersed using a monochromator. Both sets 
of measurements were corrected for the system response. 



The values of Stokes' shift were determined from the en- 
ergy difference between the peak of the PL spectrum 
and the shoulder in the SPV signal. The absorption full 
width at half maxima (FWHM) were taken to be equal 
to twice the energy difference between the mid-point and 
the shoulder of the SPV spectrum. To determine the 
position of the SPV shoulder, we utilized the distinct 
similarity between the overall shape of the low energy 
part of the PL spectrum and the rising edge of the SPV 
spectrum. The PL spectrum was shifted along the energy 
axis till the low energy part of the PL and SPV spectra 
coincided; this shift was taken as the value of the Stokes' 
shift. 

Results and Discussion. Fig^ shows the SPV and PL 
spectra measured on five different QW samples whose 
compositions were discussed earlier. It is evident that 

(1) the linewidth of the emission and sharpness of the 
SPV spectra degrade with a shift in the transition en- 
ergies to lower values (increasing nitrogen content), and 

(2) the Stokes'-like shift also increases with the linewidth. 
Quantitative estimates of these observations are given in 
Fig|21 where this Stokes' shift is plotted against the SPV 
FWHM. This Stokes'-like shift arises because an absorp- 
tion measurement like SPV (essentially) reflects the opti- 
cal density of states but the emission spectrum also nec- 
essarily has to involve the distribution of carriers occu- 
pying these states just before radiative recombination. A 
non-resonant PL experiment, like the one reported here, 
involves carrier excitation in the GaAs cap region. These 
carriers then migrate to the Gai_,2,Ina;Nj,Asi_j^ QW and 
may randomly diffuse into any of the local potential min- 
ima. If the strength of the energy barriers correspond- 
ing to the local minima trapping these carriers is larger 
than the thermal energy, carriers will not be able to 
thermalize within the finite recombination times. The 
PL spectra would then preferentially reflect the density 
of states pq corresponding to the local energy minima 
('minimum distribution' [ol lli|'l. i.e., PL{E) - paiE). 
The absorption spectra, on the other hand, should not 
discriminate between the troughs and crests of the po- 
tential energy surface. This leads to a universal picture 
of Stokes' shift, first proposed by Yang, Wilkinson, et 

which is expected to be valid in the limit of very 
large disorder strength, low temperature or both. This 
theory predicts that the Stokes' shift (SS) should be re- 
lated to the absorption FWHM (A), SS/A=0.553. On 
the other hand, in the high temperature limit where the 
fluctuations in the potential energy landscape are small 
compared to the lattice temperature and the carries are 
in quasi-equilibrium with the lattice, one would expect 
the PL to be also affected by the thermal occupation 
factor, i.e., PL{E) ^ poiE) ex.p{-E /ksTe). With the 
assumption of a Gaussian density of states, it trivially 
followsO 113 that SS^O.lSA'^/kBTe in this case. The 
predictions of the two theories are also plotted in Fig|2 
We observe a crossover from the thermalization induced 



3 




0,9 1,0 

Energy (eV) 



1,2 



FIG. 3: The same room temperature PL spectra as in Fig^ 
but now plotted on a semi-log scale(scatter plot). The straight 
lines (solid lines) depict curves corresponding to different to 
the equation log^ y = A — E/ksTe where is the Boltzmann 
constant, and Te corresponds to an effective 'electron tem- 
perature' marked on each line and A is an arbitrary number. 
Note that while the samples with least amount of nitrogen has 
almost similar lattice and electron temperatures, the effective 
electron temperature increases as a function of nitrogen con- 
tent within the QW (see text). 



Stokes' shift to a disorder induced Stokes' shift as the 
compositional disorder is increased in the samples, with 
the least and most disordered samples falling on the first 
and the second curves respectively. 

To gain further insight into the carrier distribution, 
the room temperature PL plots are now depicted on a 
semilog scale in Fig|31 The high energy tail of the spec- 
trum is expected to reflect the carrier distribution and 
can therefore be fitted to the Boltzmann distribution 
function Aexp(—E/kBTe), where ks is the Boltzmann 
constant, is the 'electron temperature' [l^ and A is 
an undetermined constant since the PL intensity is mea- 
sured in arbitrary units. We observe that this carrier 
temperature gets larger with the increase of the nitrogen 
content in the samples. For the first sample, the carrier 
temperature is almost exactly equal to the lattice temper- 
ature, indicating almost complete thermalization, which 
was also the conclusion of Fig|21 reached independent of 
this analysis. 

A simple interpretation of the high carrier temperature 
in disordered samples follows from the observation that 
one can look for an interpolation between the low and 
high temperature regimes by combining the two previ- 
ously discussed relations for the PL spectra to a single 
expression of the kind, PL{E) Pq{E) exp{—(]E/kBTe), 



with the parameter < /3 < 1 continuously interpolating 
the carrier distribution between the two extremes. Intro- 
duction of this parameter /3 amounts |2lj to defining an 
effective carrier temperature Tg = T/ (3 > Tiatticoi which 
will be larger in more disordered samples. The difference 
between carrier and lattice temperature thus provides a 
convenient measure of the sample quality. 

Conclusions. We have presented a systematic experi- 
mental study of alloying induced carrier localization at 
room temperature in Gai_:rIna;Nj,Asi_j, QWs. By in- 
dependent assessments of the (1) relationship between 
the Stokes' shift and absorption linewidths, and (2) the 
carrier temperature inferred from the high energy tail of 
the room temperature PL spectra in different samples, 
we have been able to establish that there is a crossover 
from the regime of complete carrier thermalization to the 
complete localization regime as the alloying disorder is in- 
creased. These methods provide quantitative means for 
a comparative assessment of different Gai_2:InxNj,Asi_j, 
samples. 
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